Abstract. Hypoxia is an important mechanism involved in dermal scar formation. Post-intubation tracheal stenosis (PTS) has similar pathological characteristics and formation mechanisms to skin hypertrophic scars. Hypoxia-inducible factor-1α (HIF-1α) is a nuclear transcription factor that facilitates the adaptation of human cells to compromised oxygen tension under hypoxic conditions. The aim of this study was to investigate whether hypoxia and HIF-1α were involved in PTS. In the first part of our study, we observed the effects of tracheal mucosal pressure exerted by the endotracheal tube cuff and duration of intubation on tracheal stenosis using prospective methods. In the second part of our study, 24 patients were divided into three groups, according to the characteristics observed using bronchoscopy: granulation phase group, proliferative phase group and mature phase group. Tissues showing dysplasia were obtained using bronchoscopy forceps, and western blotting was performed to detect the protein expression of HIF-1α and its target genes, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and transforming growth factor (TGF)-β. In experiment one, we observed that the tracheal mucosal pressure exerted by the endotracheal tube cuff in the PTS group was significantly higher compared with that in the group without PTS, and the duration of intubation was longer compared with that in the group without PTS (P<0.05). In experiment two, we observed that the expression of HIF-1α was highest in the granulation phase, showed a decrease in the proliferative phase and in the mature phase was significantly reduced compared with the other two phases. The results were similar for VEGF and bFGF. TGF-β protein expression was highest in the proliferative phase, significantly reduced in the mature phase and the same trends were observed for collagen type Ⅰ and III, and α-smooth muscle actin. HIF-1α is involved in the pathogenesis of PTS and may be a potential key regulator in the initiation and facilitation of this process.
Introduction
Post-intubation tracheal stenosis (PTS) is a progressive and constant narrowing of the tracheal lumen with fibrous scars, and is related to the use of intubation tubes (1, 2) . PTS is a life-threatening pathological modification of the upper segment of the trachea. The absolute number of PTS cases, which is regarded as the most common cause of benign tracheostenosis, is rising due to the increased use of assisted ventilation in intensive care units. Tracheal stenosis of patients is often caused by prolonged tracheal intubation, which may require surgery to remove the narrowed portion of the airway or endoscopic interventional therapy, to which close attention has been paid in recent years, but these methods can only achieve short-term effects. To date, the mechanism of PTS remains unclear. Certain studies suggest that the nature of scar formation in the tracheal lumen resulting in stenosis shows that PTS is a fibroproliferative disease, which is caused by aberrant repair after tissue injury (3, 4) . Its pathological hallmark is the overexpression of extracellular matrix (ECM) presenting collagen type I, collagen type III and fibronectin, while elastic fibers was significantly reduced. Fibroblasts, as the main cells synthesizing ECM, play an important role in granulation formation, wound contraction and scar formation. The lethality and increasing morbidity of PTS have led us to investigate the precise processes underlying pathological stenosis in order to develop clinical tools to inhibit scar formation.
Hypoxia may be an important factor in the induction of post-intubation tracheal hypertrophic scars. Studies of tracheal stenosis showed that the pressure exerted by the cuff on the tracheal mucosa is the main cause of mucosal ischemia and anoxia, followed by tracheal mucosal erosion, ulceration and chondritis (5, 6) . Fibrous scar formation is a compensatory mechanism aimed at healing the circumferential damage. Hypoxia-inducible factor (HIF)-1 has been investigated in recent years, as HIF-1 is a DNA-binding protective nuclear transcription factor under hypoxia in mammalian and human cells, and is associated with specific nuclear cofactors to transactivate genes in order to adapt to the compromised oxygen tension.
Novel insights into the role of hypoxia-inducible factor-1 in the pathogenesis of human post-intubation tracheal stenosis
HIF-1 is a heterodimer comprising an active α-subunit (HIF-1α) and a constitutive β-subunit, which indicates that the biological activities are determined by the expression of HIF-1α (7) . Under normoxic conditions, HIF-1α is hydroxylated on proline residues by prolyl-hydroxylase domain (PHDs)-containing enzymes, then recognized by the β-subunit, and subsequently ubiquitylated and degraded by the 26S proteasome (8) (9) (10) . With lowering oxygen tension in the microenvironment, HIF-1α is abrogated from hydroxylation as PHDs require oxygen for catalytic activity, and therefore HIF-1α escapes recognition by ubiquitin ligase, which results in the accumulation of HIF-1α in the nucleus. Upregulation of HIF-1α subsequently activates a myriad of downstream genes that protect cells in response to hypoxia. The responses that HIF-1α mediates in hypoxic conditions include increasing oxygen delivery by the formation of new blood vessels and efficient utilization (11) by the activation of genes, including angiogenesis-related genes, such as vascular endothelial growth factor (VEGF), and genes related to cell proliferation and differentiation, such as transforming growth factor (TGF) and basic fibroblast growth factor (bFGF).
In recent years, increasing evidence has suggested that HIF-1α acts as a potential contributor to facilitate fibrogenesis by activating fibroblast transdifferentiation into myofibroblasts or enhancing epithelial-to-mesenchymal transition in hypoxia (12) (13) (14) (15) . HIF-1α is being focally targeted as a novel cancer therapy, as it allows sustained angiogenesis and tissue metastasis of cancer (16) . Scheid et al (17) showed that the upregulation of HIF-1α in adults may represent a pathway in the pathogenesis of scarring. Based on all of the above findings, we speculate that HIF-1α may be involved in the process of PTS by activating angiogenesis and cell proliferation. The aim of the present study was to identify the expression of HIF-lα and its target genes in tracheal scars of PTS, analyze their correlation in order to explore new hypotheses in the development of PTS, and further provide a theoretical basis for the theory that HIF-1 inhibitors are a preventive method for PTS.
Materials and methods
Ethics approval. The investigation and protocols were approved by the Bioethical Committee of the Second Hospital of Hebei Medical University (Shijiazhuang, Hebei, China). All procedures were strictly performed according to the Declaration of Helsinki revised in 1983.
Experiment one
Patients and methods. All intubated patients in the intensive care units of the Second Hospital of Hebei Medical University (Shijiazhuang, Hebei, China) between March 2010 and June 2012, had the tracheal mucosal pressure exerted by the cuff measured through indirect methods. The detailed steps used are as follows: i) the appropriate endotracheal tube was selected and in vitro intracuff pressure was measured after injection of 1-15 ml of gas; ii) after endotracheal intubation, the cuff was inflated to the smallest value at which no air leaked, the in vivo intracuff pressure was measured and recorded at end-expiration, and the volume of inflated air was recorded. The pressure on the tracheal mucosa was calculated by subtracting the in vitro intracuff pressure from the in vivo intracuff pressure of equal volumes of gas. Intracuff pressure in vivo was measured twice per day until extubation. Pressures were measured using cuff pressure gauges (VBM Medizintechnik GmbH, Einsteinstr.1, 72172 Sulz a.N., Germany). The duration of intubation was also recorded. The recorded number of patients was 1,384 cases, and they were followed for six months or until being diagnosed with PTS. Eighteen patients with dyspnea were demonstrated to have tracheal stenosis by neck computed tomography, and the same number of patients without PTS was randomly selected from the recorded cases. We studied the effects of mucosal pressure exerted by the cuff of the tracheal tube and the duration of intubation on scar formation of patients with PTS, and measured distance from the vocal cord to the stenosed site in order to locate tracheal stenosis.
Experiment two
Patients and samples. We selected specimens from patients according to the following inclusion and exclusion criteria. Inclusion criteria: i) patients with PTS observed and verified by bronchoscopy; ii) tracheal stenosis was related to previous intubation. Exclusion criteria: i) patients who were <18 years old; ii) concomitant disease in the region of tracheal stenosis and; iii) patients who were smokers. Normal control tissue samples were not obtained, as normal tissue barely expresses HIF-1α according to the literature (16, 18) , which was verified by our preliminary experiment (data not shown).
The selected 24 patients, showing different degrees of dyspnea within six months of endotracheal intubation removal, were admitted to the Second Hospital of Hebei Medical University (Shijiazhuang, Hebei, China) for bronchoscopic interventional therapy. All patients were Chinese and each patient in the two experiments signed a written informed consent form. The age of the patients varied between 18 and 65 years (15 males and 9 females).
According to endoscopic results, patients were divided into three groups (per group, n=8), namely, granulation phase group (GRA), the proliferative phase group (PRO) and mature phase group (MAT). The specimens were obtained by biopsy forceps through bronchoscopy from the hyperplastic tissue in the tracheal lumen, rinsed in saline, cut into ~1x1 mm sections using a scalpel, frozen immediately in liquid nitrogen and stored at -80˚C for western blotting.
Western blot analysis. Western blot analyses were performed as follows. Firstly, total protein extraction was performed. The specimen was ground in a container with liquid nitrogen, and put on ice with 1 ml of hypotonic buffer A for 1 h. Then, 80 ml of 10% Nonidet P-40 (NP-40) solution was added to the homogenates, and the mixture was centrifuged at 14,000 x g for 15 min. The protein concentration was determined by a micro bicinchoninic acid assay (Pierce Chemical Co., Rockford, IL, USA), xSDS buffer [0.2 M Tris-HCl (pH 6.8), 4% sodium dodecyl sulphate (SDS), 0.18% glycerol, 0.02% β-mercaptoethanol and bromophenol blue] was added to the supernatant samples and boiled for 5 min. Proteins were separated electrophoretically by 10% SDS-PAGE and then transferred onto a PVDF membrane. After blocking membranes with Odyssey Blocking buffer (LI-COR Biosciences, Inc., Lincoln, NE, USA), immunoblot analysis was performed by incubation with 1:500 diluted primary antibodies against HIF-1α (Novus Biologicals, LLC, Littleton, CO, USA), VEGF, bFGF and β-actin (these three reagents were obtained from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), α-SMA (Sigma-Aldrich, St. Louis, MO, USA), and antibodies against TGF-β, type Ⅰ and type III collagen and GAPDH (these four reagents were obtained from Meilian Bioengineering Institute, Shanghai, China) at 4˚C overnight. The membranes were washed and incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc.) at room temperature. Proteins were visualized with an enhanced chemiluminescence kit (Santa Cruz Biotechnology, Inc.).
Statistical analysis. Statistical analysis was performed using SPSS (version, 13.0; SPSS Inc., Chicago, IL, USA). The results are presented as the mean values with standard deviation (SD). Comparisons were made by the two-tailed Student's t-test for independent samples or one-way analysis of variance (ANOVA) followed by the least significant difference test. P<0.05 was considered to indicate a statistically significant difference.
Results

Results of experiment one.
Effects of pressure exerted by the cuff on tracheal mucosa and duration of intubation on tracheal stenosis. There was no difference in age between the two groups. The tracheal mucosal pressure exerted by the endotracheal tube cuff in the PTS group was significantly higher than that in the group without PTS (NPTS; P<0.05; Table I ). The duration of intubation was increased in the PTS group compared with the NPTS group (P<0.05; Table I ). The location of tracheal stenosis determined by distance from the vocal cord to the stenosed site was 2.30±0.22 cm, which was consistent with the site where the cuff exerted pressure on the tracheal wall.
Results of experiment two.
Using western blot analysis, the present study evaluated the protein expression profiles of HIF-1α and its target genes VEGF, bFGF and TGF-β, respectively, in different periods of scar formation in 24 patients with PTS. We also evaluated the ECM in the hyperplasia tissue.
α-smooth muscle actin (α-SMA) protein expression in different phases of scar formation in PTS. α-SMA is a symbol of fibroblast activation. As shown in Fig. 1 , the protein expression of α-SMA in different phases of tracheal scar formation were significantly different. α-SMA was detected in the granulation phase, and markedly increased further in the proliferative phase compared with that of the granulation phase (P<0.05). The mature phase showed the lowest levels of expression among the three groups (P<0.05).
ECM expression in different phases of tracheal scar formation in PTS.
Type Ⅰ and III collagen are the main components of the ECM during scar formation, and are synthesized and secreted by myofibroblasts. As shown in Fig. 2 , the expression of type Ⅰ and III collagen in different phases of tracheal scar formation was detected by western blot analysis. Type Ⅰ and III collagen were increased markedly in the proliferative phase compared with the granulation phase (P<0.05) and levels were significantly decreased in the mature phase (P<0.05). The mature phase showed the lowest levels of the three groups. The same trend was observed in the ratio of type Ⅰ collagen vs. type III collagen.
Protein expression of HIF-1α and its target genes in different phases of scar formation in PTS.
To determine whether the HIF-1α signaling pathway is involved in the formation of PTS, we investigated protein expression of HIF-1α and its target genes by western blot analysis. Protein expression of HIF-1α in the granulation period was the highest of the three groups, and then gradually reduced, so that in the mature stage the levels were significantly reduced compared with the other two stages (P<0.05) (Fig. 3A and D) . Similar trends were observed for protein expression of VEGF (Fig. 3A and B) and bFGF ( Fig. 3A and C) ; whereas for TGF-β protein expression, the level of TGF-β was highest in the proliferative phase, and there was a statistically significant difference compared with the other two groups (P<0.05). The mature stage showed the lowest levels of the three groups ( Fig. 3A and E) .
Discussion
The present study was performed with the objective of identifying whether molecular pathways induced by hypoxia contribute to the activation of tracheal fibroblasts in PTS. We found in experiment one that the tracheal mucosal pressure exerted by the cuff and the duration of intubation had an effects on PTS. In experiment two, the HIF-1α protein was markedly expressed in granulation formation phase of PTS, and sustained a high level in the proliferative phase, while it was scarcely detected in the mature phase scars. HIF-1α target genes related to formation of fibrous scars, such as VEGF and bFGF, were also expressed, whereas the protein expression of TGF-β showed a different trend. The ECM proteins showed higher expression in the granulation and proliferative phases compared with that of the mature phase. These results demonstrated that hypoxia contributed to the initiation and progression of fibrosis in PTS and therefore provided a novel hypothesis for the pathogenesis of PTS.
The pathological changes of patients with PTS are similar to those of patients with skin scars, including, but not limited to, fibroblast activation, proliferation, contraction and remodeling of ECM. α-SMA, a marker of myofibroblasts, is overexpressed after fibroblasts are activated to form myofibroblasts according to experiments in vivo and in vitro. The activated fibroblasts produce ECM. The two types of collagen, I and III, comprising the main structural element of the ECM during the healing process, play the largest role in wound repair and correlate with the sustained presence of myofibroblasts (19, 20) , as they present a significant capacity of tension-resistance to form a protective belt following injury. In this study, we observed that α-SMA expression in the proliferative group markedly increased (Fig. 1) , which suggested transformation of fibroblasts to myofibroblasts, compared with the granulation and mature groups. In turn, myofibroblasts produce large amounts of collagen, therefore collagen type Ⅰ and type III were observed to be markedly accumulated in the proliferative and granulation phases of the tracheal pathological hyperplasia, particularly in the proliferative phase, and significantly decreased in the mature phase. The trend of their ratios was the same (Fig. 2) . Our results revealed that excessive proliferation and active function of myofibroblasts were involved in the repair of tracheal mucosal damage and tracheal stenosis formation in PTS. Our results are in line with previous studies (21, 22) , in which the investigators reported that tracheal damage promoted production of myofibroblasts and regulated the homeostasis of ECM components.
The clinical investigations revealed that vascular proliferation occurs in the early stage of scar formation. VEGF, as the most important angiogenesis-stimulating factor, plays a pivotal role in the angiogenesis of scars. Le et al (23) revealed a large quantity of VEGF in fibroblasts located in the papillary dermis, and consistent elevation in the homogenate lysate of keloid tissues compared with normal skin controls. Certain studies on airway stenosis have also reported that granulation tissue, as the initial change that occurs in airway stenosis, exhibited an increase in angiogenesis (24) (25) (26) . Our results were in agreement with these findings. We found that VEGF protein expression in the granulation and proliferative phases significantly increased compared with the mature phase, particularly in the granulation phase ( Fig. 3A and B) , which suggested the important role of VEGF in tracheal cicatrization. Besides angiogenesis, Wu et al (27) have also indicated that VEGF may alter ECM homeostasis and lead to a state of excessive accumulation and impaired degradation in keloid formation, and Yang et al (28) have shown that VEGF also controlled the dynamics and expression of dermal fibroblasts in wound healing. Taken together, the data suggest that VEGF is important in granulation during tissue repair.
Basic FGF, a member of the fibroblast growth factor family, has been confirmed by an increasing number of studies to promote wound healing by increasing fibroblast migration, proliferation and angiogenic function, and in particular, to play a role in granulation tissue formation (29) (30) (31) . Accordingly, in the present study we observed that protein expression of bFGF in the granulation phase was the highest of the three phases, and it gradually decreased in the proliferative phase ( Fig. 3A  and C) , and there was a marked reduction in the mature phase, which suggests the importance of bFGF in the formation of tracheal stenosis found in PTS.
The emerging experiments showed stabilization and accumulation of HIF-1α in hypoxia, since its degradation was impeded (32, 33) . Accumulated HIF-1α translocates into the nucleus leading to the activation of its target genes related to scar formation, including VEGF and bFGF (35) (36) (37) . Previous experiments found that HIF-1α induced myofibroblast differentiation (38) and hypoxia contributes directly to ECM accumulation in patients with systemic sclerosis (39) , which suggests that hypoxia may contribute to tracheal fibrosis based on the duration of hypoxia. In experiment one, we found that the pressure exerted on tracheal mucosa by the endotracheal tube cuff was significantly higher in the PTS group than in the NPTS group and the duration of intubation was longer in the PTS group compared with the NPTS group. These results correlated with the conclusions in the studies of Leigh and Maynard (40) and Lewis et al (41) , which showed that high tracheal wall pressure that exceeds 20 mmHg, which is approximately the mean capillary perfusion pressure, may damage the tracheal mucosa leading to topical hypoxia, particularly when accompanied by prolonged tracheal intubation, and this was the cause of PTS. In the process of scar formation, ECM protein accumulation worsens the hypoxia of interstitial fibroblasts by further increasing the distance to blood vessels, resulting in a vicious circle of ECM accumulation and hypoxia, and therefore the hypoxic microenvironment is sustained. To determine the molecular mechanism involved in the process of PTS, in experiment two, we detected protein expression of HIF-1α. As the HIF-1α subunit is rapidly degraded and scarcely detected in normoxia (42, 43) , we studied the pathological state in PTS patients. We found that the protein expression level of HIF-1α in the granulation phase was the highest among the three groups. HIF-1α expression was sustained in the proliferative phase, and significantly decreased in the mature scars of patients (Fig. 3A and D) . We also observed that the variation of VEGF and bFGF, as two main target genes of HIF-1α, was consistent with that of HIF-1α. TGF-β is well known as a traditional profibrotic factor, and has been identified as the major stimulating factor to promote scar formation. A large number of experiments have shown that sustained expression of TGF-β plays an important role in tissue repair, remodelling and hypertrophic scar formation (44) (45) (46) , as well as in the formation of stent-related airway stenosis (47) . Previous studies found that TGF-β, as one of the HIF-1α target genes, was regulated by HIF-1α (48, 49) . In this experiment, we observed that in tracheal scars of PTS patients, HIF-1α and TGF-β protein expression in the granulation phase and proliferative phase were significantly higher than the mature phase, but the peak TGF-β levels occurred in the proliferative phase ( Fig. 3A and E) , which was not in accordance with HIF-1α. The possible reasons leading to this discrepancy may be based on cell type, extent and duration of hypoxic state (11) or some other uncertain cause. This result indicates the mechanism of PTS is more complex and involves a network in vivo. Other pathways or genes (50) may act on the TGF-β pathway of fibration besides HIF-1α regulation.
Based on our results, we concluded that ischemia and hypoxia of the tracheal wall on which the cuff exerted the pressure leads to stabilization and an increase of HIF-1α levels. HIF-1α subsequently induced overexpression of its target genes related to fibroplastic events. Corresponding to these target genes, fibroblasts were activated in impaired trachea resulting in the persistent and abundant proliferation of myofibroblasts. This study serves as the first part of efforts to examine HIF-1α as a possible leading regulator in the process of PTS. Our group will perform further in vitro and animal studies in order to explore the cellular and molecular mechanisms involved and to identify whether a HIF-1α inhibitor could be used as an adjuvant medicine for the treatment of PTS. 
